The increased resistance of the protozoan parasite Trypanosoma cruzi to nitro derivatives is one of the major problems for the successful treatment of Chagas' disease. In the present study, we have tested the effects of 1-O-hexadecylphosphocholine (miltefosine) against strains of T. cruzi that are partially resistant (strain Y) and highly resistant (strain Colombiana) to the drugs in clinical use. As expected, epimastigotes of strain Colombiana showed higher levels of resistance to benznidazole than those of strain Y. However, the level of resistance to miltefosine was the same for both strains. This alkylphospholipid was also extremely toxic against intracellular amastigotes of both strains. This ether-lipid analogue induced in a dose-dependent manner the production of tumor necrosis factor alpha and nitric oxide (NO) radicals by infected and noninfected macrophages, suggesting that miltefosine may activate macrophages in vitro. Nevertheless, the cytotoxic effect of miltefosine against intracellular amastigotes was independent of the amount of NO produced by the infected macrophages since the same dose-response curves for miltefosine were observed when the NO production was blocked by the NO synthase inhibitor N G -monomethyl-L-arginine monoacetate. Preliminary in vivo studies with BALB/c mice infected with strain Y indicated that oral miltefosine promoted survival and reduced the parasitemia to levels comparable to those observed when benznidazole was used. Four months after treatment, no parasites were detected in the blood or spleen tissue sections maintained in culture. Together, these results support the hypothesis that miltefosine may be used for the treatment of Chagas' disease, including cases caused by resistant strains of T. cruzi.
Chagas' disease is an inflammatory condition caused by the intracellular protozoan parasite Trypanosoma cruzi that affects 18 million people in Latin America. It is a major cause of heart disease and represents an important cause of economic loss due to infectious disease (27) . Despite research efforts toward the development of novel drugs for the treatment of Chagas' disease, only two substances, the nitro derivatives nifurtimox and benznidazole, are in clinical use. Unfortunately, narrow therapeutic windows, serious side effect profiles, and various drug susceptibilities among T. cruzi strains result in low clinical efficacies for these nitro derivatives (10, 42) . The recognized impact on public health should lead to the development of novel trypanocidal agents with favorable side effect profiles and sufficient clinical efficacies.
Miltefosine (1-O-hexadecylphosphocholine) is a membraneactive synthetic ether-lipid analogue originally used for the treatment of cutaneous metastasis from mammary carcinomas (15, 20) . This compound is in clinical trials for the treatment of visceral and cutaneous leishmaniasis, with high overall cure rates achieved (2, 11, 17, 30, 31, (40) (41) . Previous studies have also demonstrated that miltefosine is toxic in vitro to other protozoan parasites including Entamoeba histolytica (38) , Acanthamoeba spp. (43) , and T. cruzi (5, 21, 36) ; however, it has a low level of toxicity against Trypanosoma brucei subspecies (18) . Little is known about the mechanisms of the antitumor (35) and antiparasite actions of ether-lipid analogues. In the case of parasites, hypotheses about the mechanisms of action include interference with signal transduction pathways and glycosylphosphatidylinositol anchor biosynthesis (22) , metabolism of alkylglycero-phosphocholine (23) , and de novo synthesis of phosphatidylcholine through the Greenberg pathway (21) .
In this study, we report novel data concerning the in vitro and in vivo cytotoxic effects of miltefosine against a partially resistant strain (strain Y) and a naturally resistant strain (strain Colombiana) of T. cruzi (32) , expanding the potential antiprotozoal spectrum of this ether-lipid analogue.
MATERIALS AND METHODS
Materials. Lipopolysaccharide (LPS) from Escherichia coli O111:B4 was purchased from Sigma (St. Louis, Mo.). Recombinant murine gamma interferon (IFN-␥), recombinant murine tumor necrosis factor alpha (TNF-␣), and anti-TNF-␣ monoclonal antibodies were purchased from PharMingen (San Diego, Calif.). N G -Monomethyl-L-arginine monoacetate (L-NMMA) was purchased from Calbiochem-Novabiochem (La Jolla, Calif.). Benznidazole was purchased from Roche (Rio de Janeiro, Brazil). Miltefosine was provided by Zentaris/ ASTA Medica AG (Frankfurt am Main, Germany).
Parasites. T. cruzi strains Y and Colombiana were obtained from the Fundação Oswaldo Cruz culture collection. Epimastigotes were axenically cultured in brain heart infusion (BHI) supplemented with 10 mg of hemin liter Ϫ1 and 5% heat-inactivated fetal calf serum (FCS) (BHI-FCS medium) at 28°C with shaking (ϳ80 rpm), as described previously (34) . In vitro differentiation of epimastigotes into metacyclic trypomastigote (MCT) forms was achieved with a chemically defined triatomine artificial urine medium (3). Tissue culture-derived trypomas-tigotes (TCTs) were obtained after infection of confluent monolayers of Vero cells with MCTs to establish the intracellular cycle for 6 days and maintained in RPMI 1640 medium containing 10% FCS under an atmosphere of 5% CO 2 at 37°C (1). MCTs and TCTs were used to infect murine peritoneal macrophages or primary heart muscle cells (HMCs) in vitro, and TCTs were used for inoculation into mice (see below).
Treatment of T. cruzi epimastigote forms in vitro.
Miltefosine and benznidazole were stored as 10-and 20-mg ml Ϫ1 stock solutions in methanol, respectively, and were serially diluted (1:2) in BHI-FCS medium before use. Drug-free control medium contained comparable final concentrations of methanol. Epimastigotes (2 ϫ 10 6 ml Ϫ1 ) were incubated in BHI-FCS medium with or without drugs in a final volume of 200 l in 96-well flat-bottom plates (Corning, Corning, N.Y.), as described previously (23) . After 72 h at 28°C, the number of parasites was determined by direct counting with a Neubauer chamber. The 50% inhibitory concentrations (IC 50 s) were determined by linear regression analysis (23) .
M, HMCs, and infection. Exudate cells removed from the peritoneal cavities of BALB/c mice were cultured in complete RPMI 1640 medium containing 2 mM L-glutamine, 1 mM sodium pyruvate, 10 g of gentamicin ml Ϫ1 , minimal essential medium with nonessential amino acids, 10 mM HEPES, 50 M 2-mercaptoethanol, and 5% FCS with 3 ϫ 10 5 cells ml Ϫ1 on 24-well plates (Corning). Macrophages (M) were infected with 1.5 ϫ 10 6 MCT forms of the Y strain per well (12) or 1.5 ϫ 10 6 TCT forms of the Y and Colombiana strains at a ratio of five parasites per M. After 24 h (MCT) or 2 h (TCT), noninternalized parasites were removed and infected M were cultured in complete medium (1 ml) alone, medium containing LPS (10 ng ml Ϫ1 ) plus IFN-␥ (40 U ml Ϫ1 ), or medium containing different doses of methanol or miltefosine at 37°C under 5% CO 2 for up to 10 days. Extracellular motile trypomastigotes were counted in the supernatants of cultures after 5, 7, and 10 days of infection. In addition, some cultures received LPS plus IFN-␥ or different doses of miltefosine together with 1 mM L-NMMA. To assess the number of intracellular amastigote forms, M were plated onto 13-mm 2 coverslips (Thomas Scientific, Swedesboro, N.J.) in 24-well plates and infected as described above. After 3 days of culture the monolayers of infected M (treated or not treated with miltefosine) were washed with phosphate-buffered saline (PBS) at 37°C, fixed in methanol, and stained with Giemsa. The number of amastigotes was determined by counting at least 400 M in duplicate cultures, and the results were expressed as the percentage of infected M and the average number of amastigotes per infected M. Murine embryo primary HMC cultures were obtained as described previously (25) , and infections and treatments were performed with MCT forms as described above for M.
NO and TNF-␣ production assays. Nitric oxide (NO) levels produced by primary M cultures (assayed in quadruplicate) were estimated by reducing the nitrate accumulated over 48 h to nitrite with nitrate reductase (37) and measuring the nitrite concentration by the method of Green et al. (14) . The NO Ϫ2 concentrations were quantified by using a double three-point standard curve of NaNO 2 concentrations (in a linear range between 1 and 80 M). The levels of TNF-␣ in the supernatants of M cultures were quantified with enzyme-linked immunosorbent assay kits from PharMingen. Briefly, each well of microtiter plates (Immuno PlateMaxiSorp Surface; Nunc) was coated overnight at 4°C with 2 g of purified capture monoclonal antibody to mouse TNF-␣ (PharMingen) in 100 mM carbonate buffer (pH 9.5). The plates were washed five times with PBS-Tween (PBS-T). Nonspecific binding sites were saturated with 10% FCS in PBS for 1 h and washed with PBS-T. Thereafter, the supernatants and cytokine standards diluted in PBS-FCS were added, and the mixtures were incubated at room temperature for 40 min with biotinylated detection antibody (PharMingen). After the plates were washed, avidin-conjugated horseradish peroxidase was added and the mixture was incubated for 30 min. 3,3Ј,5,5Ј-Tetramethylbenzidine-1.2 mM H 2 O 2 in citrate buffer (pH 5.0) was used as a substrate for color development. The reaction was terminated by addition of 1 N HCl. The absorbance was measured at 450 nm (Anthos 2010; Anthos Labtec Instruments, Salzburg, Austria) and cytokine concentrations (in a linear range between 50 and 1,500 pg ml Ϫ1 ) were quantified by using a double four-point standard curve. Mouse infection and treatments. Fifteen male BALB/c mice (age, 6 weeks; weight, ϳ20 to 22 g) were inoculated intraperitoneally with 10 5 MCT forms of T. cruzi Y strain, and groups of five mice were either left untreated or immediately treated orally for 20 consecutive days with 100 mg of benznidazole kg of body weight Ϫ1 or 25 mg of miltefosine kg Ϫ1 . The compounds were suspended in PBS, with each mouse receiving 0.1 ml of drug suspension daily by gavage. Untreated controls received only PBS. Blood collected from the tail was examined microscopically for living parasites as described previously (10) . After 120 days of treatment, the presence of parasites was assessed by direct blood examination and by culture of spleen slices in RPMI 1640 medium for 15 days at 37°C under a 5% CO 2 atmosphere and in BHI-FCS medium for 10 days at 28°C (26) . All experiments were conducted according to protocols approved by the Committee on Ethics and Regulations of Animal Use of the Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro.
RESULTS
Toxicities of miltefosine and benznidazole against epimastigotes in culture. Various sensitivities to nitro derivatives have been observed among several T. cruzi strains isolated from human patients, domestic and sylvatic reservoirs, or vectors in vitro (10) . In addition, marked molecular differences have been observed within the most widely studied strains, strains CL, Y, and Colombiana (32) . To test the profile of benznidazole sensitivity of the Y strain versus that of the Colombian strain, axenically grown epimastigotes were incubated in the presence of increasing amounts of the drug (Fig. 1) . A clear difference in the amount of drug necessary to reduce the viabilities of the parasites of each strain in axenic culture was observed. The IC 50 of benznidazole for epimastigotes of the Y strain was determined to be 15 Ϯ 4 g ml Ϫ1 or 3 Ϯ 1 M and is about four to five times lower than that observed for parasites of the Colombiana strain (Fig. 1) , as reported previously (24, 33 ). Miltefosine had a higher level of cytotoxic activity against Y-strain epimastigotes than benznidazole, with the miltefosine IC 50 of 3.5 Ϯ 1 g ml Ϫ1 (8 Ϯ 1 M) being similar to data reported previously (21, 36) . In contrast to benznidazole, there were no differences in susceptibilities to miltefosine between epimastigotes of the Y and Colombiana strains (Fig.  1) . The results suggest that the cytotoxicity of miltefosine against T. cruzi may be as effective as that originally observed against different species of Leishmania (4-5, 7, 19, 23) . rophages. Four different lyso-alkylphospholipids (including miltefosine) have been reported to exhibit variable activities against intracellular T. cruzi Y-strain amastigotes in mouse peritoneal M (5). To study the effects of miltefosine on amastigotes from strains Y and Colombiana, the IC 50 s were determined for BALB/c-infected M (Fig. 2) . As reported previously (5), dose-dependent decreases in the percentage of M infected with Y-strain amastigotes (IC 50 after 3 days, 0.3 Ϯ 0.1 g ml Ϫ1 or 0.7 Ϯ 0.2 M) and in the number of amastigotes per M were observed ( Fig. 2A) . Similar to epimastigotes of strain Colombiana, amastigotes demonstrated the same dosedependent sensitivity to miltefosine as amastigotes of strain Y (Fig. 2B) . Recent studies report that lyso-alkylphospholipids are also able to reduce the proliferation of intracellular amastigotes of the Y strain in murine HMC (36) and Vero cells (21) , with IC 50 s of 3 and 0.3 g ml Ϫ1 , respectively. However, despite the 10-fold difference in susceptibility observed by others (36) , experiments performed by us following the conditions described in the legend to Fig. 2 for M but with murine-infected HMC cultures (25) and miltefosine resulted in a much lower IC 50 of 0.6 Ϯ 0.3 g ml Ϫ1 or 1.4 Ϯ 0.7 M (data not shown). Effects of miltefosine on release of trypomastigotes and production of NO and TNF-␣ by infected macrophages. It has previously been shown that hexadecylphosphocholine is able to induce the release of TNF-␣ and NO from mouse peritoneal M (44) and the human histiocytic cell line U937 (8) . To study the effect of miltefosine on the release of trypomastigotes from infected cells and M activation, infected and noninfected mouse peritoneal M were incubated in the absence and presence of LPS plus INF-␥ or increasing amounts of miltefosine (Fig. 3) . After 2 days of infection, the amounts of NO (Fig. 3B ) and TNF-␣ (Fig. 3C ) in the supernatants of each culture were determined. After 5, 7, and 10 days of infection, the numbers (Fig. 3A) in the supernatants of infected cells were counted. In comparison to the control (Fig. 3A, lane  3) , there was a dose-dependent decrease in the number of trypomastigotes in the culture supernatant (Fig. 3A, lanes 6, 8,  10 , and 12). Parasites were not detected in the culture supernatants when miltefosine concentrations greater than 2 g ml Ϫ1 were used (data not shown). Expression of NO (Fig. 3B ) and TNF-␣ (Fig. 3C) by infected (Fig. 3, lanes 6, 8, 10 , and 12) and noninfected (Fig. 3, lanes 5, 7, 9 , and 11) M was stimulated by miltefosine in a dose-dependent manner compared to the results for the controls (Fig. 3A and B, lanes 1 and 3) . These findings suggest that miltefosine treatment promotes M activation that may result in toxicity against the parasite (8, 44) . The level of stimulation of NO and TNF-␣ production by miltefosine ( Fig. 3B and C, lanes 5 to 12) was equivalent to that observed with the classical M activator LPS plus IFN-␥. Despite a high level of induction of NO and TNF-␣ secretion, LPS and IFN-␥ treatment of M resulted in a small decrease in the amount of trypomastigotes found in the culture supernatant (Fig. 3A, lane 4) . In contrast, despite the induction of only a small increase in the levels of NO and TNF-␣ production, miltefosine treatment resulted in a pronounced decrease in the number of trypomastigotes in the supernatants of infected M (Fig. 3A; compare lane 6 with lanes 3 and 4) . These results suggest that the observed effect of miltefosine on T. cruziinfected M is independent of cellular activation and NO and TNF-␣ production.
Effects of L-NMMA on synthesis of NO by T. cruzi-infected macrophages and cytotoxicity of miltefosine against the parasites. To further investigate the involvement of the NO produced by M in the cytotoxicity against T. cruzi parasites induced by LPS plus IFN-␥ or miltefosine, infected M were treated with L-NMMA, a specific inhibitor of NO production (9, 13). As observed previously, when infected M were activated with LPS plus IFN-␥, fewer trypomastigotes accumulated in the culture supernatants compared to the number that accumulated in supernatants of nonactivated cell cultures (Fig.  4; compare lanes 1 and 2) . The decrease was in part because of the toxic action of the NO produced by the activated M since the number of trypomastigotes released was restored to the control levels when the production of NO was inhibited (down to 3.1 Ϯ 0.1 M; data not shown) by L-NMMA ( Fig. 4; compare lanes 1, 2, and 3) . However, the cytotoxicity of miltefosine against intracellular amastigotes and/or trypomastigotes was shown to be independent of NO production since the same IC 50 (0.6 Ϯ 0.1 M) was observed if NO production was inhibited by L-NMMA even with the highest concentrations of miltefosine (Fig. 4, lanes 7 to 12) .
Effects of miltefosine on parasitemia and survival of BALB/c mice infected with T. cruzi strain Y. The in vivo activity of miltefosine against the Y strain of T. cruzi has been studied in the BALB/c mouse model following oral administration of miltefosine (25 mg kg Ϫ1 for 20 days) and compared to treatment with benznidazole (100 mg kg Ϫ1 for 20 days) (10) . Preliminary results in terms of levels of parasitemia and rates of survival obtained with groups of five animals are presented in Fig. 5 . Both benznidazole and miltefosine had suppressive activities during the acute phase of infection, bringing about considerable reductions in the levels of parasitemia (Fig. 5A) , and promoted 100% survival (Fig. 5B) . The most impressive difference observed during the treatments was the complete absence of fur bristling, weight loss, and diarrhea in the miltefosine-treated mice. Four months after treatment, parasites have not been detected in tail blood by microscopy or in spleen tissue sections cultured in BHI-FCS culture medium (data not shown).
DISCUSSION
Studies with human and murine models indicate that the efficacy of treatment of Chagas' disease varies according to the strain of T. cruzi. On the basis of susceptibility or resistance to benznidazole, Filardi and Brener (10) investigated 47 T. cruzi strains and separated them into three groups: resistant, partially resistant, and susceptible to treatment. The cytotoxic effects of miltefosine against the different life-cycle stages of the resistant Colombiana strain have been demonstrated for the first time in the present study. Unlike benznidazole, the in vitro effectiveness of miltefosine was also comparable to that observed against parasites from the partially resistant Y strain of T. cruzi (36; this study) and from other species involving Leishmania spp. (5, 7, 23) , E. histolytica (38) , and Acanthamoeba spp. (43) . While the mechanisms of action remain unknown, the results strongly suggest that miltefosine has a broad antiparasitic spectrum.
Several immunomodulatory effects of hexadecylphosphocholine have been described, including enhanced levels of IFN-␥ secretion, enhanced levels of granulocyte-macrophage colony-stimulating factor mRNA expression by human mononuclear cells (16) , and enhanced levels of induction of NO production in the human histiocyte cell line U937 (8) and murine peritoneal M after treatment with LPS (44). However, despite these observations suggesting that miltefosine has an effect on the development of the immune response, recent studies demonstrate that miltefosine has equal leishmanicidal effects in mouse models deficient in T cells, endogenous IFN-␥, M production of reactive nitrogen and oxygen radicals, TNF-␣, and functionally deficient B and T cells (6, (28) (29) (30) . In a similar manner, our study has confirmed and extended observations that at least NO production is not necessary for the activity of miltefosine against T. cruzi, as the doses-responses were similar in both the absence and the presence of NO produced after M activation.
On the basis of the results presented in this report, as far as NO and TNF-␣ production is considered, the mechanism of M activation caused by mitefosine differs from that caused by LPS plus IFN-␥. As previously observed by Silva et al. (39) and confirmed in our study, in vitro infection of mouse peritoneal M with T. cruzi resulted in production of almost no TNF-␣, which alone had no significant effect on the induction of NO production or intracellular killing. It has recently been shown that liposomal hexadecylphosphocholine induces human mammary carcinoma cytotoxicity mediated by M (9). This effect is dependent on interleukin-6 (IL-6) and TNF-␣ and is independent of IL-1␣ and NO. Therefore, the possible participation of other cytokines in the mediation of the cytotoxic effects induced by miltefosine on T. cruzi-infected M cannot be ruled out and requires further analysis. In addition, although it was shown in the present work that miltefosine presented a high level of toxicity against T. cruzi parasites inside nonphagocytic HMCs, the participation of reactive oxygen intermediates should also be investigated in order to correlate the possible activation of M to toxicity triggered by the ether-lipid analogue.
Although the results presented here are preliminary, they show that miltefosine is able to promote a reduction in the level of parasitemia in an experimental mouse model of acute Chagas' disease comparable to that observed with benznidazole, one of the drugs of choice for clinical use in the treatment of Chagas' disease (10) . More extensive studies on parasitemia and histopathology are under way with murine models of both acute and chronic Chagas' disease in order to establish if miltefosine could be considered for use in future clinical trials with humans with Chagas' disease.
